The various dependences of the upconverted emission on the incident excitation power imply different mechanisms, which can be tuned by molecular design.
Introduction
In optics, the common degradation of energy considers the conversion of high-energy photons into photons of lower energy (downshiing) together with heat dissipation. The reverse situation, in which low-energy photons are transformed into higher energy ones (up-conversion), was envisioned early on as a consequence of the non-linear dependence of the refractive index on the applied electric eld, 1 and theoretically predicted by Goeppert-Mayer in 1931.
2 However, the so-called non-linear optical (NLO) response of matter is so inefficient that its experimental illustration for second-harmonic generation (in quartz) 3 and for two-photon excitation uorescence (in Eu 2+ -doped materials) 4 was delayed until the rst ruby laser providing a strong and coherent incident beam became available in 1960. 5 Beyond symmetry rules, there is no specic limitation for implementing NLO responses in matter and both macroscopic solids and (bio)molecules are prone to work as non-linear optical activators as long as huge incident power intensities in the 10 5 -10 10 W cm À2 range are used. 6 In parallel with NLO investigations, Bloembergen, 7 rapidly followed by Auzel, 8 realized that open-shell centers possessing ladder-like series of intermediate excited states with small radiative rate constants (k r ), as found for trivalent lanthanides, Ln 3+ , could be used as relays for successive linear excitations. When such ions are dispersed into low-phonon solids, the non-radiative relaxation pathways (k nr ) are also minimized to such an extent that linear excitation (k exc ) becomes competitive with relaxation (k relax ¼ k r + k nr ) and intermediate excited states can efficiently absorb additional photons to reach higher-energy excited levels. The latter sequential piling up of several photons on a single activator (Excited-State Absorption ¼ ESA) exploits linear optics and results in the conversion of low energy infrared photons into visible photons, a phenomenon referred to as upconversion (Scheme 1). 9 The use of more efficient linear optics combined with the sequential, rather than simultaneous (in NLO), nature of the excitation negates the need for excessively high incident intensities, and upconversion can be achieved using excitation powers that are 5-10 orders of magnitude lower than those required for NLO. A further gain in efficiency of up to two orders of magnitude 9a can be generated by the use of optimized peripheral sensitizers for absorbing photons prior to the stepwise transfer of the accumulated energy onto the activator (energy transfer upconversion ¼ ETU). Under these conditions, upconversion quantum yields as large as 4-12% have been implemented in multi-centered mixed lanthanide-doped oxides or uorides.
10 These encouraging achievements make a multitude of challenging applications possible which intend on (i) reducing the spectral mismatch for solar cell technology, 9 (ii) designing near-infrared addressable luminescent bioprobes where the biological tissues are transparent 11 and (iii) optimizing wave guides, 12 security inks, 13 lasers and display devices, 14 and this despite the weak absorption cross sections of f-f transitions in lanthanides (in the order of s z 10 À20 cm 2 ) 15 or of d-d transitions in transition metals (in the order of s z 10 À19 cm 2 ).
16
Attempts to reduce the size of upconverting solids toward the nanometric scale for being compatible with high-technology hybrid materials and with their incorporation into biological organisms drastically suffer from surface quenching and difficult reproducibilities.
11,17 Maximum upconversion quantum yields within the 0.1-0.5% range have been obtained for optimized nanoparticles aer surface passivation 18 and/or coupling to a surface plasmon for increasing both absorption cross sections and radiative decays.
19 Because the intensity of the upconverted light I upconversion ¼ k requires energy diffusion through multiple chromophores and cannot really be considered as a (uni)molecular process. 25 Let us therefore return to the challenge of implementing singlecentered upconversion in a molecule where (i) the strong coupling with undesirable high-energy oscillators (mainly O-H and C-H vibrations) limits intermediate excited-state lifetimes and (ii) the small lanthanide absorption cross section s i/j provides minor excitation rate constants k i/j exc (eqn (1); l P is the pump wavelength, P is the incident pump intensity, h is the Planck constant and c is the speed of light in a vacuum).
The decorrelation between light absorption, performed by specic sensitizers, and light-upconversion occurring on an optimized lanthanide activator in multicenter molecular aggregates using the ETU mechanism proved to be less challenging and some 9+ to give the rst molecular-based green upconversion process induced by reasonable power pump intensities (Fig. 1a) .
28 This success was rapidly conrmed for two other molecular sensitizer/activator pairs obtained by host-guest associations in organic solvents Fig. 1b) 29 or in water ([(LEr)F(LEr)] + in Fig. 1c ). 30 None of these ETU processes were characterized by quantum yield measurements because of the very faint upconverted signals. In two recent publications, 31 Charbonnière and co-workers reported on two novel aqueous-phase assemblies made of a central Tb(III) activator surrounded by two or more Yb(III) sensitizers ([Tb(YbL) 2 ] in Fig. 1d and e) . Surprisingly, these (supra)molecular entities exhibit detectable near-infrared to green upconversion, for which only cooperative energy transfers may explain the feeding of the high-energy Tb( 5 D 4 ) level ( Fig. 1d and e) . Though some aspects of the theoretical modeling of the latter cooperative upconversion (CU) mechanism are rather analogous to ETU, its efficiency is usually much weaker because it involves quasi-virtual pair levels between which transitions have to be described by higher-order perturbations. 9a Despite this limitation, Charbonnière and co-workers were able to estimate a quantum yield of F up ¼ 1.4 Â 10 À8 for the complex depicted in Fig. 2e (deuterated water, room temperature). 31b Boosted by these remarkable results, we reasoned that ultimate miniaturization using a single-site excited-state mechanism (ESA) implemented in a trivalent erbium complex should become an obvious target for setting a zero-level for the quantication of molecular upconversion. ( Fig. 1a) , 32 we recently discovered that some weak upconverted green signals could be generated upon direct near-infrared excitation of the erbium center in this system. 33 Building on these preliminary data, we report here on the quantication and detailed mechanism rationalizing the rare single-site upconversion occurring in [Er (L1) 3+ (Lk ¼ L2-L4), mononuclear triple helices offers an opportunity for establishing some preliminary rules for implementing single-center erbium upconversion in molecular complexes (Fig. 2) .
Results and discussion
Preparation and structural characteristics of the triple-helical complexes
The four tridentate ligands L1-L4 (Fig. 2) complexes is compatible with limited multiphonon relaxation due to coupling with remote high-energy oscillators 35 as ascertained by the 2-6 ms characteristic room-temperature lifetimes reported for the emissive Er( 4 I 13/2 ) levels. 32 While intramolecular Er/H distances are not signicantly modied in solution for these rigid triple-stranded helicates, 36 the average intermolecular Er/Er distance extends to approximately 6.8 nm at 10 mM concentration, which makes these metallic centers completely isolated in solution.
Light-downshiing operating in the mononuclear triplehelical complexes
With these structural characteristics in mind, it is not so surprising that ligand-centered excitation at 401 nm of these trivalent erbium complexes [Er(Lk) 3 / 4 I 15/2 ) and near-infrared Er( 4 I 13/2 / 4 I 15/2 ) luminescence at 542 nm and 1515 nm, respectively (Fig. 3) . 32 The log-log plots of the intensity of the emitted light with respect to the incident power return slopes around 1.0 (Fig. 3) , 26 which are the signatures of single-photon ligand-centered excitation processes followed by energy migration according to the antenna effect (Fig. 4a) . 32 Please note in Fig. 3a (Fig. 5a ) or in the solid state (Fig. S1-S3 in the ESI †). The slopes of log(I)-log(P) plots are systematically close to 1.0 (Fig. 5b) , a trend in line with single-photon excitations according to the standard mechanism depicted in Fig. 4b (le). Interestingly, the dependence of the emitted downshied intensity I in the solid state (Fig. 6a, S9 and S10 †) and in solution (Fig. 6d) , p* / 1 p emission bands exclude the contribution of competitive non-linear optical processes involving the ligands. The slopes of log(I)-log(P) plots span the 1.5-2.0 range (Fig. 6c) and support the successive linear absorption of two photons by the Er(III) metallic centers according to the standard ESA mechanism summarized in Fig. 7a . Tables 1 and   S1 , Fig. S12 †) , the stronger emission intensity observed for the 2,6-bis(benzimidazol-2-yl)pyridine derivative [Er(L1) 3 ] 3+ at a given incident pump intensity can be attributed to an improved quantum yield for the latter complex compared to that for less-protected complexes built with terpyridine derivatives (Fig. 6d) . Quantitative data for the upconversion process (up) collected in Table 1 were obtained by using indocyanine green as a reference (l exc ¼ 801 nm, F ¼ 0.132 in ethanol at 298 K, Fig. S12 †) 38 and eqn (2) where F is the quantum yield, E is the integrated emission spectrum, A is the absorbance at the excitation wavelength l, n is the refractive index (n CH 3 CN ¼ 1.344 and n C 2 H 5 OH ¼ 1.361), P exc is the power intensity of the excitation source at the excitation wavelength and hn exc is the energy of the incident photon at frequency n exc ¼ (c/l exc ) so that I exc ¼ P exc / hn exc is the spectral radiant power measuring the incident excitation intensity.
31b, 39 The introduction of a multiplicative factor of 2 takes into account the maximum 50% efficiency of upconversion. limitation for nal upconversion, a drawback duly mentioned by Auzel in his seminal review when discussing cooperative upconversion.
9a However, the quantum yields collected in Table 1 Fig. 8 ). In the absence of easily accessible organic dyes with well-established quantum yields following excitation at 966 nm, we did not monitor absolute quantum yields at this excitation wavelength. As previously discussed when analyzing downshiing processes (see the mechanism in Fig. 4b) , excitation of the Er( 4 I 11/2 ) 4 I 15/2 ) transition at 966 nm results in multiple successive linear excitations prior to reaching the intermediate Er (  4 I 13/2 ) relay, thus leading to slopes within the 3.0-4.0 range for the linear log(I)-log(P) plots characterizing the ultimate upconversion processes (Fig. S13 and S14 †). The minimum slopes of 2.6-2.7 are still compatible with two-and three-photon processes which avoid the use of the Er( 4 I 13/2 ) intermediate excited state as a relay (Fig. 7b, le) . However, the most frequent slopes reach 3.0-4.0 and imply at least one additional successive linear excitation and a 4-phonon mechanism, which is a logical consequence of the involvement of the intermediate Er( 4 I 13/2 ) level as a relay (Fig. 7b right) . The lack of efficient non-radiative Er( 4 I 11/2 ) 0 Er( 4 I 13/2 ) relaxation (DE $3700 cm À1 ), previously responsible for the unusual 2-phonon downshiing mechanism observed in these complexes following 966 nm excitation (Fig. 4b) , appears to be a severe handicap for exploiting the 'long-lived' (2-6 ms at 298 K) 32 intermediate Er( 4 I 13/2 ) excited level as a relay for promoting visible upconversion (Fig. 7b) . Finally, excitations at 966 nm of the Er( 4 I 11/2 ) 4 I 15/2 ) transition exhibit some standard decreases of the upconverted intensities with increasing temperatures (Fig. S15 †) . ) and using increasing incident pump intensities focused on a spot size of z0.07 cm 2 (the blank (¼red curve) was recorded upon irradiation of the copper plate support covered with silver glue at a maximum intensity P ¼ 29 W cm
À2
) and (b) corresponding log-log plots of upconverted intensities I as a function of incident pump intensities P (in W cm 3+ (Lk ¼ L1-L4) complexes recorded using an incident pump intensity P ¼ 21 W cm À2 in acetonitrile solution (c $10 mM). The blank (red curve) was recorded from pure acetonitrile solvent using an incident pump intensity P ¼ 21 W cm À2 .
Conclusions
Upon ligand-centered or erbium-centered optical excitation, complexes as the 'zero-level' of efficiency of molecular upconversion, we should remember that Auzel taught us that optimised sensitisation followed by energy transfer according to the ETU mechanism with the help of adapted sensitizers in SA diads (S ¼ sensitizer, A ¼ lanthanide activator) may improve the upconversion output by two orders of magnitude. 8,9 Additionally, moving from molecular SA diads to SAS triads, where S is a long-lived sensitizer (i.e. millisecond lifetimes as observed in Cr(III) complexes) may theoretically further improve upconversion by more than three orders of magnitude. 20 Altogether, the connection of two adapted longlived sensitizers on each side of a central Er(III) activator to give a structure similar to that shown in Fig. 1a is expected to increase the quantum yield by roughly ve orders of magnitude compared to the ESA mechanism, thus reaching 0.1% efficiency as an upper limit for molecular upconversion using the ETU mechanism. Further optimization exploiting standard perdeuteration 41 or peruorination 42 could be used as wildcards for nal tuning. Interestingly, Er(III) protection from high-energy oscillators is helpful, but not sufficient, to design coordination complexes programmed for molecular upconversion. For instance, closely related 1 : 2 complexes [Er(L5) 2 activators, thus leading to shorter intermolecular Er/H distances around 3.56Å, an organization which appears to be incompatible with the detection of any radiative signals following excitation.
Conflicts of interest
There are no conicts to declare.
